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Molecular studies using trace DNA, such as from museum specimens, ancient or forensic samples and samples obtained noninva-
sively, often have a common problem of low quality of DNA templates. Amplification errors, such as allelic dropout and false 
allele, may arise during polymerase chain reaction (PCR) using such samples. A mathematical model which treats homozygotes 
and heterozygotes discriminately has been developed to measure sample quality and compute the confidence level of using multiple- 
tube approaches. We use plucked hair samples collected from 26 individual Sichuan snub-nosed monkeys (Rhinopithecus roxel-
lana) to test the model. In this case, a confidence level of 99% can be achieved by three positive PCRs. If the sample quality is 
very poor and requires many PCR replicates, an alternative multiple-step genotyping method is recommended. This model enables 
researchers to optimize experimental protocols through pilot studies and obtain reliable genetic information using noninvasive 
sampling method. 
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Noninvasive sampling has become an important method for 
studying endangered and cryptic species [1]. It allows for 
genetic analysis of wild animals without the need for han-
dling and causing stress [2]. However, DNA templates from 
noninvasive samples [3–5], museum specimens [6,7], an-
cient DNA [8] and forensic samples [9] are often degraded 
or contaminated. The amount of target DNA available for 
genetic typing can be very low and is often in the picogram 
range [9–12]. When such low quality DNA is used for mi-
crosatellite profiling, two main genotyping errors can occur 
leading to spurious results: (i) false homozygote, also 
known as allelic dropout, which is misidentification of a 
heterozygote as a homozygote because of the recognition of 
only one of the two alleles [10,13,14]; and (ii) false allele, 
which is the amplification of a polymerase chain reaction 
(PCR) artifact [10,15,16]. 
To reduce the chance of false results, Navidi et al. [13] 
suggested a multiple-tube approach, in which the DNA is 
distributed among several tubes. Compared to a single tube 
approach, it provides more reliable genotyping from diluted 
DNA samples. Taberlet et al. [10] improved this method, 
and for homozygous individuals, a confidence level of 99% 
in genotyping assignments could be reached by analyzing 
seven independent PCRs. Miller et al. [17] developed a 
maximum-likelihood approach to assess genotype reliability 
and reduce the number of re-amplifications for heterozy-
gous individuals. When allelic dropout rates are low, the 
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reduction in the number of PCR replicates is typically 
40%–50% [17]. Frantz et al. [18] proposed a modification 
of the multiple-tube approach that may reduce the number 
of amplifications required to obtain reliable genotypes. 
Consensus genotypes are determined after two initial posi-
tive PCRs for heterozygotes and three for homozygotes 
[18,19]. In general, the lower the amount of template in the 
PCR, the more prone it is to genotyping errors and the more 
PCR replicates are required [20]. Researchers have at-
tempted to minimize the number of PCR replications by 
quantifying the amount of amplifiable DNA present in ex-
tracts [11,21] or by calculating a quality index for each 
sample [22]. 
The use of multiple PCR replicates can result in the sam-
ple becoming exhausted if many loci are analyzed, incurring 
additional costs [20,23]. Efficiently evaluating the reliability 
of microsatellite genotyping using low quality DNA tem-
plates can help optimize the experimental protocol. In this 
study, we aim to answer the following questions for a given 
batch of samples: (i) how many amplifications should be 
performed to reach a given confidence level? (ii) how 
should the confidence level of a protocol be calculated? 
1  A polynomial distribution model and model 
simulation 
1.1  A polynomial distribution model of amplification 
errors 
To answer the above-mentioned questions, we have devel-
oped a mathematical model to compute the confidence level 
of multiple-tube approaches. The PCR of homozygous and 
the heterozygous loci generate different errors, with mainly 
false alleles at homozygous loci and false homozygotes at 
heterozygous loci. Because mechanisms of these two types 
of errors are different, they should be discriminated. 
We consider an amplification that provides unambiguous 
target sequences in a polyacrylamide gel as a positive PCR, 
otherwise we consider it as a negative PCR. If more than 
two alleles are detected in an amplification, we also treat it 
as a negative PCR. Performing n positive PCRs for each 
individual at each locus, we record any allele that appears at 
least m times (1≤ m ≤ n). Figure 1 is a schematic diagram 
that shows the genotyping approach with n = 5 and m = 2. 
If a sample consistently produces negative PCRs, we   
 
Figure 1  Schematic diagram of multiple-tube genotyping approach with 
n = 5 and m = 2. There are three polyacrylamide gels at each side and each 
gel has five independent positive PCRs of the same individual. If an allele 
appears at least twice in three positive PCRs, it is regarded as the consen-
sus genotype. 
redigest the sample or abandon the genotyping. Only posi-
tive PCRs are recorded, because negative PCRs can be a 
result of not only low template concentration but also hu-
man errors and machine irregularities, while PCR-generated 
errors in positive PCRs can only be caused by low DNA 
quality. A positive PCR for a heterozygous locus can have 
three possible interpretations: a correct heterozygote result, 
or two types of false homozygotes. A positive PCR for ho-
mozygous locus can also have two possible interpretations: 
correct or false allele. 
Let R1 be the correct rate of heterozygous individual in 
positive PCRs and R2 be that of homozygotes in positive 
PCRs. R1 and R2 can be the measurements of the samples 
quality under given experimental conditions. Table 1 shows 
each result and the estimated probabilities of amplification 
of heterozygotes and homozygotes. 
Let E1 be the event that the two alleles of heterozygotes 
both appear at least m times in n positive PCRs (1≤ m ≤ n). 
If the two alleles are labeled as A and B, the results can be 
summarized as the number of times in which AA, AB and 
BB appeared: i, j and k. The probability of E1 is calculated 
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Let E2 be the event that a false allele appears at most m−1 
Table 1  Results of heterozygote and homozygote and their estimate probability in a single positive PCR 
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times in n positive PCRs. The probability of E2 can be ex-
pressed by a binomial cumulative distribution function as 
follows: 
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i n i
 (2) 
The correct genotyping rate P of a locus with a hetero-
zygosity of H is given by 
 ( ) ( ) ( )1 21 ,= + −P HP E H P E  (3) 
where P ranges from P(E1) to P(E2). 
This model has three assumptions: (i) the DNA quality is 
equal across all samples; (ii) both alleles of a heterozygote 
are equally likely to dropout; and (iii) each homozygous 
individual generates only one type of false allele. 
1.2  Model simulation 
We calculated a set of minimum threshold of sample quality 
for multiple-tube genotyping approach at the 99% confi-
dence level. The results (Table 2, Figure 2) indicate that the 
minimum threshold of R1 decreases and the minimum 
threshold of R2 increases as the number of amplification 
repeats increases when m is fixed. Note that after eight posi-
tive PCRs with m = 1, the minimum threshold of R1 be-
comes zero, which indicates that if the template concentra-
tion is extremely low, each positive PCR can only detect 
one allele of a heterozygote. Eight positive PCRs ensure 
each allele appears at least once at a probability of 99%. 
Similarly, 12 and 15 positive PCRs ensure each allele ap-
pears at least twice and three times, respectively. 
We used hair samples from Rhinopithecus roxellana, a  
Table 2  Sample quality threshold in multiple-tube approaches at the 99% confidence level 
n positive PCRs R1 minimum R2 minimum n positive PCRs R1 minimum R2 minimum 
m = 1 1 0.9900 0.9900  10 0.0886 0.9845 
 2 0.8586 0.9950  11 0.0171 0.9859 
 3 0.6580 0.9967  12 0 0.9872 
 4 0.4682 0.9975 m = 3 3 0.9967 0.7846 
 5 0.3069 0.9980  4 0.9411 0.8591 
 6 0.1730 0.9983  5 0.8343 0.8944 
 7 0.0618 0.9986  6 0.7128 0.9153 
 8 0 0.9987  7 0.5941 0.9292 
m = 2 2 0.9950 0.9000  8 0.4843 0.9392 
 3 0.9172 0.9411  9 0.3852 0.9467 
 4 0.7782 0.9580  10 0.2964 0.9525 
 5 0.6298 0.9673  11 0.2170 0.9572 
 6 0.4920 0.9732  12 0.1459 0.9610 
 7 0.3698 0.9773  13 0.0821 0.9642 
 8 0.2630 0.9803  14 0.0246 0.9669 
 9 0.1699 0.9826  15 0 0.9693 
 
Figure 2  Minimum threshold of R1 (a) and R2 (b) at the 99% confidence level using multiple-tube approaches. 
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colobine monkey endemic to China, to demonstrate the use 
of this model. Because of poaching and habitat fragmenta-
tion, this species has become endangered and is included in 
the IUCN Red List of Threatened Species [24]. Their dis-
tribution is now restricted to the mountains of central China 
[25]. Genetic analysis using fecal and hair samples have 
been carried out to investigate ecological and behavioral 
aspects of this species [26–28]. Genetic markers previously 
used include mtDNA and microsatellite markers [29,30]. 
Genotyping using fecal and hair samples were subject to the 
problems of low quality DNA templates and genotyping 
errors. 
2  Materials and methods 
Plucked hair samples were collected from 15 individuals of 
R. roxellana from Shaanxi Province Rare Wildlife Rescue 
and Breeding Center (Lou-Guan-Tai) and 11 individuals 
from a wild group in Qinling Mountains (Zhouzhi National 
Nature Reserve). We collected 10–20 hairs from each indi-
vidual. Hair samples were then stored at room temperature 
in silica gel for drying and DNA was extracted within one 
year. All research protocols were reviewed and approved by 
Chinese Academy of Sciences and Shaanxi Zoological So-
ciety that regulates research with animals, and that the re-
search complied with the protocols approved by institution-
al animal care committees, and adhered to the legal re-
quirements of China. 
2.1  DNA extraction 
DNA was extracted from the hair samples using a protein-
ase K digestion in a PCR compatible buffer [31]. Five hairs 
can provide template for 100 PCRs, and procedures are as 
follows: 
(1) Rinse five hairs in 70% ethanol and then in sterile 
distilled water in a sterile 0.2 mL EP tube. 
(2) Dry the hairs in a drying oven for 20 min at 50°C. 
Cut hair roots approximately 5 mm from the end of the root 
with a sterile scissor and transfer to another sterile EP tube. 
Centrifuge at 4000 r/min for 1 min. 
(3) Add 20 μL of follicle lysis buffer (MgCl2 0.2 mmol/L, 
Tris·HCl 10 mmol/L (pH 8), KCl 50 mmol/L, proteinase K 
0.2 mg/mL), incubate at 65°C for 30 min and denature the 
enzyme at 95°C for 15 min in a thermocycler (Eppendorf 
Mastercycler Gradient, Germany). 
(4) Centrifuge at 12000 r/min for 3 min. Transfer the su-
pernatant into another sterile EP tube and dilute to 100 μL. 
Store at 4°C. 
2.2  Primer design 
We selected 19 polymorphic microsatellite loci from related 
species of R. roxellana, 10 loci from R. bieti [30]; 4 from 
Macaca fuscata [32] and 5 from Macaca mulatta [33]. Pri-
mers were synthesized by Sangon Biotech (Shanghai) Co., 
Ltd. 
After genotyping and screening, we selected five high 
polymorphic loci for this study. Their primer information is 
shown in Table 3. Among other 14 microsatellite loci, 2 
have very low degree of polymorphism, 7 are monomorphic 
and 5 cannot be amplified in R. roxellana. 
2.3  Amplification and genotyping 
PCR amplifications were performed with a thermocycler 
(Eppendorf Mastercycler gradient) in 10 μL reactions con-
taining 1 μL of template solution, 10 mmol/L Tris·HCl, 50 
mmol/L KCl, 1.5 mmol/L MgCl2, 250 μmol/L each of 4 
dNTPs, 0.2 μmol/L of each primer and 0.25 U golden DNA 
polymerase (Tiangen, China). The PCR program consisted 
of an initial denaturation at 95°C for 4 min followed by 35 
cycles at 95°C for 30 s; 60°C for 45 s and 72°C for 45 s; 
and final extension at 72°C for 10 min. Amplification 
products were separated by electrophoresis on a 10% poly-
acrylamide gel at 6 V/cm for 12 h and visualized after silver 
staining. We perform five positive PCRs for each individual 
at each locus, and record any allele observed in at least three 
amplifications (m = 3). 
3  Results 
Three individuals at locus D6s493 and one individual at  
Table 3  Profile of STR loci 
Locus Size (bp) Array Primer (5′→3′) Ta (°C) No. of alleles 
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locus D14s306 consistently produced negative PCRs and 
genotypes of these individuals were not obtained. In total, 
we obtained 630 positive PCRs. Results are shown in Table 4. 
Among the 630 positive PCRs, false homozygote occurred 
9 times and false allele occurred 4 times. Genotyping results 
are shown in Table 5, through which we obtained 1Rˆ = 0.9739 
(one-sided 95% CI = [0.9567, 1]) and 2Rˆ = 0.9860 (one-sided 
95% CI = [0.9706, 1]). According to eq. (3), a confidence 
level of 99% can be achieved by performing three positive 
PCRs and genotyping with m = 2. The correct genotyping 
rate ranges from 0.9990 to 0.9994. 
4  Discussion 
4.1  Amplification error 
Compared with blood and tissue, the concentration of DNA 
extracted from a hair follicle or other noninvasive sample is 
low, which is likely to lead to a variety of errors in PCR 
amplification, therefore reducing the reliability of genotyp-
ing. We encountered two types of amplification errors dur-
ing this study, false alleles and allele dropouts (false homo-
zygote). 
The false homozygotes may due to random sampling of 
template DNA in the very diluted extract [10] and imbal-
ance in the efficiency of the amplification for each allele, 
especially when the sizes of the alleles are significantly dif-
ferent [23]. In this study, R1 expresses the correct rate of 
heterozygotes in positive PCRs. R1 less than 0.9172 indi-
cates the samples are in poor quality, in which case more 
than three positive PCRs should be performed. 
Table 4  Genotyping results at 5 microsatellite loci 
Locus Heterozygote Homozygote Unknown 
D20s206 13 13 0 
D5s1457 11 15 0 
D6s493 19 4 3 
D7s2204 14 12 0 
D14s306 12 13 1 
Table 5  Summary of PCR errors 
Locus No. of positive 
PCRs 
No. of PCR results 




Rate of false 
homozygote 
D20s206 130 126 0/65 4/65 
D5s1457 130 129 1/75 0/55 
D6s493 115 115 0/20 0/95 
D7s2204 130 127 1/60 2/70 
D14s306 125 120 2/65 3/60 
Total 630 617 4/285 9/345 
The false allele is probably caused by slippage mutations 
that are insertions or deletions of one or more repeats in a 
microsatellite locus [15,34]. If a slippage mutation occurs 
during the first few cycles of the amplification, the artificial 
allele can be detected at the same intensity as true alleles 
only when the number of target molecules is very low 
[10,23]. Previous studies have shown that the slippage rate 
is correlated to length and repeat motif for long microsatel-
lites [35–37]. Short ones are far less known but the issue of 
a minimum threshold length for DNA slippage remains 
contentious [38]. We use R2 to express the rate of correct 
homozygote amplification in positive PCRs, and 2Rˆ is 
larger than 0.98 in many studies (e.g. [20,39]). 
4.2  Model assumptions 
The first assumption is that samples have similar initial 
template concentrations. When this assumption is met, each 
heterozygote at a locus is equally likely to incur an allelic 
dropout, and each homozygote at a locus is equally likely to 
incur a false allele. 
The second assumption is that alleles at the same mi-
crosatellite locus are positioned at the same location in the 
genome and their content and context are similar. Their ef-
ficiencies of amplification are approximately equal unless 
the sizes of alleles are dramatically different. Differences in 
amplification efficiency of alleles of different size were 
supported by some studies [3,18]. However Constable et al. 
[40] did not detect such a difference. 
By contrast, if one allele in heterozygote is much longer 
than the other, which makes their efficiencies of amplifica-
tion significantly different, then eq. (1) will be transformed 
as (see Appendix 1 for derivation): 
 ( ) ( ) ( )
−
=
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The third assumption is conservative because a slippage 
mutation can insert or delete one or more repeats in a mi-
crosatellite locus [15,34]. In such a case, there can be more 
than one type of false allele of each homozygote. However, 
details such as the ratio of the occurrence of false alleles 
and the minimum threshold length for DNA slippage are 
unknown [38]. This assumption caused our model to be 
strict when n is high. However, for low numbers of positive 
PCRs, the minimum threshold of R2 is in a practical range. 
4.3  Microsatellite genotyping strategy 
In molecular biology studies, pilot experiments are usually 
carried out to test the conditions and protocols. Even so, it is 
difficult to ensure every experiment is successful. In mi-
crosatellite genotyping using low quality DNA with a large 
sample size, we recommend researchers evaluate sample 
quality before the experiments by taking five positive PCRs 
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at each locus of several randomly selected individuals. This 
should be followed by genotyping with m = 3 to obtain pa-
rameters 1Rˆ  and 2Rˆ  because the minimum threshold of 
R1 and R2 are both relatively low (m = 3, n = 5). If <1Rˆ  
0.8344 or <2ˆ 0.8944R , the pilot experiments are unreliable, 
and a different genotyping approach should be chosen to 
obtain more accurate values (re-genotyping the existing 
amplifications or performing additional experiments), or 
sample quality and experimental procedures should be im-
proved. 
When the pilot experiments are reliable, an appropriate 
approach can be chosen from Table 2. The total number of 
positive PCRs of heterozygotes and homozygotes should 
make the lower bound of the one-sided confidence interval 
(CI) of R1 and R2 larger than the minimum threshold of ap-
proach to be selected. The one-sided confidence interval 
was calculated by the Jeffery method. Let x be the number 
of successes in a random sample of size n. The lower limit 
of 100(1−α)% confidence interval is defined by CIJ1= 
[Bα,x+1/2,n−x+1/2,1], where Bα,x+1/2,n−x+1/2 is the α quantile of a 
beta distribution Beta (x+1/2,n−x+1/2) [41]. 
For good quality samples ( >1ˆ 0.9172R , >2ˆ 0.9411R ), 
three positive PCR should be performed and genotyped with 
m = 2. If the first two positive PCRs generate equal geno-
types, the third one is not necessary because it will not af-
fect the consensus genotype. For poor quality samples, usu-
ally with a low false allele rate but a high allelic dropout 
rate, the selection approach (m = ms, n = ns) requires too 
many replicates. An alternative multiple-step method modi-
fied from the method of Taberlet et al. [10] which is able to 
minimize the number of replicates to be used, involves per-
forming ms initial replicates, genotyping with m = ms, and 
accepting the genotype if it is heterozygous. Otherwise one 
or two additional positive PCRs (single addition method, 
see [17]) should be performed, genotyped with m = ms and 
heterozygous genotypes accepted. This step should be re-
peated until the rest of the amplifications do not alter the 
consensus genotype or n is up to ns before accepting the 
obtained genotype. 
We simulated the estimated number of replicates by cal-
culating the sum of the products of the probability and the 
number of replicates of each event. The least n, followed by 
the least m, should be selected. The program for this calcu-
lation can be found in Program S1. Results are shown in 
Figure 3. When R1 > 0.5 and R2 > 0.8, this method can re-
duce the number of replicates by one third. When R1 > 0.9 
and R2 > 0.95, this method can reduce the number by 28% of 
replicates (H = 0.5). In the samples of our example, the  
 
Figure 3  The estimated number of replicates and the reduction in the number of replicates of heterozygotes (a), (c); and homozygotes (b), (d), using the 
multiple-steps method at the 99% confidence level. 
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estimated number of replicates for homozygotes and heter-
ozygotes were 2.0512 and 2.0276, respectively.  
If the samples are poor quality and none of the ap-
proaches in Table 2 are practical, other measures should be 
taken. These include improving sampling and extraction 
procedures and optimizing the amplification conditions (e.g., 
increasing the template concentration or using a better Taq 
enzyme) or abandoning the genotyping. Compared to opti-
mizing the amplification conditions, improving the sample 
quality is more realistic. 
Our method allowed a number of improvements over 
those of similar studies (e.g. [10,17,18]). Specifically, (i) we 
evaluated the sample quality during pilot experiments and 
propose that the appropriate genotyping approach can be 
selected from Table 2; (ii) this model considers the effect of 
false alleles and m is variable; (iii) if the chosen approach 
needs too many positive PCRs, a researcher can use an al-
ternative multiple-step method to reduce the number of rep-
licates. This can minimize the number of replicates for het-
erozygotes and homozygotes. A computer program, Relia-
bility Calculator, implementing this model, is available in 
Program S1. 
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Appendix 1 The derivation of eq. (4) 
Program S1 Reliability Calculator 
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